Biosorption of Methyl Blue (MB), Fuchsin Acid (FA), Rhodamine B (RB), Methylene Blue (MEB), Bromocresol purple (BC) and Methyl Orange (MO) onto Sargassum ilicifolium was studied in a batch system. Effect of dye structure on biosorption by Sargassum ilicifolium was studied to define the correlation between chemical structure and biosorption capacity. Different dye groups such as triarylmethane (MB, FA and BC), monoazo (MO), thiazine (MEB) and xanthene (RB) were studied. At optimum experimental conditions for each dye, biosorption capacity was determined and compared.
INTRODUCTION
Dyes are organic compounds with chromophoric and auxochromic groups. Initially, natural substances obtained from plants and minerals were used for coloring. Development of textile, cosmetic, printing and food industries caused a rapid increase in the demand for chemical coloring substances. Today, chemical pollution of waste water is an important environmental problem. Dyes are an important class of aquatic pollutants and are becoming a major source of environmental contaminations (Chojnacka ) . Different treatment methods have been applied to remove pollutants from wastewaters. These techniques are precipitation and sludge separation, chemical oxidation or reduction, ion exchange, reverse osmosis, membrane separation, electrochemical treatment, and evaporation (Solis et al. ) . However, these methods are often ineffective and costly when applied to dilute and very dilute effluents (Volesky & Holan ) .
Biosorption is considered as an alternative and promising technique for the removal of pollutants due to its low cost and efficiency (Volesky & Holan ; Aksu ; Fomina & Gadd ) . Biosorption can be defined as sequestering of organic and inorganic species using live or dead biomass. Biosorption includes a combination of several mechanisms including electrostatic attraction, complexation, ion-exchange, covalent binding, Van der Waals' attraction and microprecipitation (Davis et al. ) . A wide variety of biosorbents have been employed, such as algae, fungi, bacteria, sludge from biological wastewater treatment plants, byproducts from fermentation industries and agricultural wastes. Biosorption process was used to remove heavy metals, organic herbicides, pesticides, polycyclic aromatic hydrocarbons, phenolic compounds, dyes and phthalates (Aksu ; Crini ; Gupta & Suhas ; Srinivasan & Viraraghavan ; Abdolali et al. ).
Marine algae are abundant and renewable and are easily obtainable from the oceans. The brown algae are classified into about 265 genera with more than 1,500 species. They derive their characteristic color from the large amounts of the carotenoid fucoxanthin contained in their chloroplasts. The amorphous matrix is mainly composed of alginic acid (about 40% of dry mass) or alginate besides small amounts of fucoidan (5-20% of dry mass). Fucoidan contains 1-fucose-4-sulfate monomers as major component with sulfate ester ramifications. Although alginate and fucoidan are also present in fibrillar skeleton, cellulose remains as the main structural component (Davis et al. ) . Brown algae were used for biosorption of dyes (Daneshvar et al. ; Kousha et al. ) . Sargassum ilicifolium is one of the brown algae, and no information is available for biosorption of these dyes by it in aqueous solutions.
It was reported that the chemical structure of selected dye molecules influences the biosorption behavior of biosorbent (Chu & Chen ; Maurya et al. ) . Thus, in the present study six dyes (Methyl Blue (MB), Methylene Blue (MEB), Rhodamine B (RB), Fuchsin Acid (FA), Bromocresol Purple (BC) and Methyl Orange (MO)) from different dye groups were studied to define the correlation between chemical structure and biosorption capacity. Experimental parameters such as initial pH, Sargassum ilicifolium dose, temperature, biosorbent concentration and contact time were separately optimized for each dye. The biosorption kinetic was studied by the pseudo first-order and pseudo second-order models. The biosorption results were also analyzed by the Langmuir and Freundlich isotherms. Finally, biosorption capacities obtained using Sargassum ilicifolium were compared with the ones presented in the literature.
MATERIAL AND METHODS

Instruments and reagents
All chemicals were analytical-reagent grade and obtained from Merck (Germany). Stock solutions of MB, FA, RB, MEB, BC and MO were prepared by dissolving these dyes in deionized water. Solutions of NaOH (0.1 mol/L) and HCl (0.1 mol/L) were also used for pH adjustment. Chemical structures of dyes are shown in Table 1 . MB, FA, BC and MO are acidic dyes and have SO 3 À groups in their structure. RB and MEB are basic dyes and have NR 4 þ groups in their structure. The absorption spectra were recorded by UV-visible spectrophotometer (Varian 300 Bio, Australia) and the pH-meter (Metrohm, model-780, Switzerland, Swiss) was used for pH adjustment. The morphology of the S. ilicifolium was studied by scanning electron microscopy (SEM; Seron, AIS2300c Model) under an acceleration voltage of 10 kV.
Preparation of biomass
Sargassum ilicifolium was obtained from Oman Sea, Iran. It was washed thoroughly with deionized water to remove sand and other impurities. It was then oven dried at 333 K to constant weight. The dried sample was crushed and sieved to a particle size range of 0.36-0.50 mm.
Batch biosorption experiments
Batch biosorption experiments were carried out at room temperature (298 K) by adding biosorbent (0.1-0.2 g/L) to 100 mL Erlenmeyer flasks containing dye solution (4-120 μmol/L). NaOH or HCl (0.1 mol/L) was used for pH adjustment (pH ¼ 2-10). The minimum and maximum levels for each factor were chosen based on preliminary tests and experience. The solution was agitated at constant speed of 100 rpm for the desired contact time. After reaching equilibration, the mixture was centrifuged at 4,000 rpm for 10 min. The dye concentration in the supernatant solution was determined at λ max of each dye using a UV-Vis spectrophotometer. Biosorption capacity was calculated using Equation (1):
where C o and C e are the initial and equilibrium concentrations of dyes in solution (mmol/L), V is the volume of dye solution (L), q e is the amount of dyes biosorbed per unit of biosorbent mass (mmol/g), and m is the mass of biosorbent (g).
Kinetic study
In order to investigate the kinetic of biosorption, dye biosorption data were analyzed using the pseudo first-order (Equation (2)) and pseudo second-order (Equation (3) ln (q e À q t ) ¼ ln q e À k 1 t (2) 
where k 1 (1/min) and k 2 (g/mg min) are rate constants of the first and second order kinetic, respectively, and q e and q t (mmol/g) are the amount of dye biosorbed at equilibrium and time t, respectively. The kinetic was studied by analyzing the biosorptive uptake of dye from aqueous solutions onto the S. ilicifolium at different time intervals (0-60 min) at 298 K. The stirring speed and biosorbent dose were 100 rpm and 0.1 g/L, respectively. Before addition of the S. ilicifolium, pH was adjusted to optimum value for each dye.
Equilibrium study
The equilibrium adsorption isotherm studies are required to give useful information about mechanism, properties and tendency of adsorbent toward each dye (Ghaedi et al. ) . The experiments were conducted at different dye concentrations (4 × 10 À6 to 1.2 × 10 À4 mol/L) at 298 K, optimum pH, contact time, and biosorbent dosage for each dye. The experimental equilibrium data were fitted to Langmuir and Freundlich isotherm models (Foo & Hameed ) . The Langmuir adsorption isotherm was developed by assuming that a fixed number of accessible sites are available on the adsorbent surface, all of which have the same energy, and adsorption is reversible (Vilar et al. ) . The Langmuir isotherm model describes quantitatively the formation of a monolayer adsorbate on the outer surface of the adsorbent, and after that no further adsorption takes place.
where constants Q m (Langmuir monolayer saturation capacity) and K L (Langmuir isotherm constant) are the characteristics of the Langmuir equation.
Another well-known and the earliest known empirical model is the Freundlich isotherm. The Freundlich isotherm model assumes neither homogeneous site energies nor limited levels of sorption and is shown to be consistent with exponential distribution of active centers, characteristic of heterogeneous surfaces:
where K f and n are the indicators of biosorption density and biosorption intensity in Freundlich model, respectively.
Data analysis
The amount of biosorbed dye was calculated from the difference between the initial and final concentrations of the dye in solution. Each experiment was repeated three times and the mean results with error bar (±SD) were presented. The biosorption isotherm and kinetic results were analyzed by non-linear curve fitting analysis by Mathematica 8 software. In order to evaluate the goodness of fitting, adjusted coefficient of determination (R 2 adj ) and the sum of squares of the errors (SSE) were carried out between experimental and predicted data from models.
RESULTS AND DISCUSSION
Effect of pH
Initial pH values of dye solutions affect the chemistry of both the dye and biosorbent, so pH is one of the most important factors in biosorption process. Hence, the batch biosorption experiments were conducted at different pH conditions ranging from 2 to 10. Effect of pH on biosorption of dyes onto S. ilicifolium was conducted at dye concentration of 10 À5 mol/L, biomass dosage of 0.1 g/L and time of 60 min. The biosorption of these dyes was highly pHdependent and optimum values are shown in Table 2 . At low pH, the concentration of H þ ions increases and the surface of the biosorbent becomes positive. BC, MO, MB and FA are anionic dyes and therefore, an electrostatic attraction develops between positively charged biosorbent surface and negatively charged molecules of dyes. At high pH, strong electrostatic interaction occurs due to number of negatively charged sites on the biosorbent and positively charged molecules of MEB and RB; similar observations have been reported for dyes (Gupta et al. ). 
Effect of contact time and kinetic study
Effect of contact time on dye biosorption capacity is shown in Figure 1(a) . As shown, the biosorption was rapid within first 30-40 minutes. At the initial times, the bulk solution concentration is high and the driving force is maximum, leading to maximum rates. As the biosorption proceeds and approaches equilibrium, the bulk concentration reduces and the rate decreases. Similar trend was obtained for the RB on activated carbon (Kadirvelu et al. ).
The results of kinetic studies for dyes are listed in Table 3 . The value of correlation coefficient (R 2 ) for the pseudo second-order kinetic model was relatively high and the biosorption capacities calculated by the model were also close to those determined by experiments. However, the values of R 2 for the pseudo first-order model were not satisfactory. Therefore, it has been concluded that the pseudo second-order kinetic model was more suitable to describe the biosorption kinetics of dyes. MEB can be removed more rapidly than other dyes from aqueous solutions, and ranking of biosorption of dyes on S. ilicifolium was MEB > RB > BC > MO > MB > FA. In the case of MEB, it appeared that the small molecular size and shape of the dye molecule might play a determining role in its biosorption kinetics.
Effect of biosorbent dosage
Effect of biosorbent dose was studied and results are shown in Figure 1(b) . Biosorbent dosage has a great influence on the biosorption process and determines the number of binding sites available to remove dyes at constant dye concentration. As shown in Figure 1(b) , dye biosorption capacity decreased with increasing biomass dosage from 0.1 to 2.5 g/L. Lower biosorbent doses yield higher capacities. An increase in the biosorbent dose generally increases the amount of solute biosorbed, due to the increased surface area of the biosorbent, which in turn increases the number of binding sites. Conversely, the quantity of biosorbed solute per unit weight of biosorbent decreases with increasing biosorbent dosage.
Effect of initial dye concentration
Optimal dye concentrations are presented in Table 2 . The removal of dye decreased with increase of dye concentration at fixed biosorbent dosage (0.1 g/L). Insufficient number of active sites available for the biosorption led to higher residual dye concentration in solution.
The biosorption results at 298 K were analyzed by nonlinear curve fitting analysis to fit Langmuir and Freundlich models. Sum of SSE and adjusted coefficient of determination (R 2 adj ) were used to check the validity of the isotherm models (Table 3 ). It was concluded that Langmuir model had the best fit for equilibrium biosorption data of MB, BC, FA and MEB. RB and MO had better fit by Freundlich isotherm model.
Effect of dye structure
Different forces and effects may be involved in the dye biosorption process, such as electrostatic attraction, van der Waals, hydrogen bonding, steric effects, etc. In this study, effect of dye structure on biosorption by Sargassum ilicifolium was studied to define the correlation between chemical structure and biosorption capacity. Different dye groups such as triarylmethane (MB, FA and BC), monoazo (MO), thiazine (MEB) and xanthene (RB) were studied. In addition, MB, FA, BC and MO are anionic (acidic) and MEB, RB are cationic (basic) dyes. At optimum experimental conditions for each dye, biosorption capacity was determined.
As shown in Table 2 , biosorption capacity of basic dyes occurred in the order MB > FA > BC > MO, thus indicating some correlation between chemical structure and biosorption. The first three dyes are triarylmethane dyes and have three sulfonic groups in their structures, but MO (monoazo) has one sulfonic group. One might conclude that the higher biosorption capacity of MB, FA and BC toward MO might be attributed to the increased electrostatic attraction between the positively charged surface of the biosorbent and those abundant sulfonic anionic groups. Similar results of the effect of chemical structure of dyes were also reported (Arami et al. ; Gao et al. ) .
Both MB and RB are cationic (basic) dyes, but they have different molecular structures: thiazine and xanthene, respectively. MB was more biosorbable than RB. MB contains three benzene rings in a linear structure having no side chain and is grouped as a cationic dye having wholly basic nature, while RB contains four benzene rings having one side chain with a carboxylic group which has pKa equal to 4.2. As pH is raised above 4.2, there is a decrease in the overall charge of RB and it forms a zwitterion. Several researchers have also reported similar results (Maurya et al. ) .
In addition, basic dyes have the positive charge on the heteroatom of the heterocyclic chromophore group. According to the basicity of this element within the chromophore group, the biosorption capacities of basic dyes is in the order S > N > O of the cationic group. The order of increasing basicity is inversely related to the electronegativity of the cation; that is, electronegativity increases in the order S < N < O. This finding suggests that the lower electronegativity of the chromophore group may enhance the attractive force to the surface of negatively charged biomass (Chu & Chen ) .
SEM analysis
The surface morphology of Sargassum ilicifolium was examined using SEM before and after biosorption of MEB (Figure 2) . These images illustrated the porous nature of the biosorbent, which could contribute to the biosorption of the dyes. At such magnification, Sargassum ilicifolium (Figure 2(a) ) showed rough areas of surface in which micropores were clearly identifiable. The pores seem to be packed with dyes after biosorption (Figure 2(b) ) due to either agglomeration on the surface or the incursion of dye molecules into the pores. Similar observations have been reported (Asgher & Bhatti ; Oliveira et al. ) .
Comparison with other biosorbents
A comparison between the results of this work and published data is presented in Table 4 . Biosorption data for MB, BC and FA dyes were not found in literature. The biosorption capacities for Sargassum ilicifolium were significantly higher than the capacity of many other biosorbents. Thus, it is an efficient biosorbent for the removal of these dyes.
CONCLUSIONS
In the present study, pH, initial dye concentration, contact time and biosorbent dosage were optimized for each dye. The overall biosorption data were best described by the pseudo second-order kinetic and isotherm models. Sargassum ilicifolium was a good and low cost biosorbent for the removal of these dyes from aqueous solution. Effect of dye structure on biosorption by Sargassum ilicifolium was studied to define the correlation between chemical structure and biosorption capacity. Different dye groups such as triarylmethane (MB, FA and BC), monoazo (MO), thiazine (MEB) and xanthene (RB) were studied. At optimum experimental conditions for each dye, biosorption capacity was determined and compared. The results indicate that the chemical structure (triarylmethane, monoazo, thiazine, xanthene), number of sulfonic groups, basicity (element of chromophore group: S, N, O) and molecular weight of dye molecules influence their biosorption capacity. However, more work still needs to be done to show how the chemical structure, the number and position of the functional groups of the dyes, dimensions of the dye organic chains and the molecular size of dyes affect the biosorption preference. One of the most successful approaches to the prediction of chemical properties with molecular structural information is quantitative structure property/activity relationship. In this method, the molecular structure is translated into molecular descriptors and mathematical equations relating chemical structure to biological properties.
